Induction of an nicotinamide adenine dinucleotide-specific malic enzyme and a malate entry system pernits Streptococcus faecalis to grow at the expense of malate. Evidence is presented which shows that biosynthesis of the permease, but not of the malic enzyme, is subject to catabolite repression by glucose. In contrast to the malic enzyme, the catalytic function of the entry system does not appear to be inhibited by intermediate products of glycolysis. Although the induction of the entry system does not appear to be coordinated with the induction of the malic enzyme, the latter process is dependent upon the permease for the transport and accumulation of inducer.
In a previous publication (5), we discussed the kinetics of induction and biochemical characteristics of a streptococcal malic enzyme [L-malate: nicotinamide adenine dinucleotide (NAD) oxidoreductase (decarboxylating) E.C. 1. 1. 1. 39]. Addition of 0.020 to 0.075% glucose to cultures of Streptococcus faecalis growing at the expense of malate did not significantly repress the synthesis of the malic enzyme. However, malate dissimilation was completely inhibited at the lowest glucose concentration tested. Utilization of malate was resumed after the disappearance of glucose from the medium. It was subsequently demonstrated that fructose-i, 6 -diphosphate (FDP) and 3-phosphoglycerate (3-PGA) were inhibitors of the malic enzyme (6) . We postulated that the accumulation of one or both of the glycolytic intermediate products was responsible for the inhibition of malate utilization during glucose dissimilation.
From the evidence at hand, it appeared that essentially all regulation of malate metabolism was effected at the level of enzyme function. However, the organism is capable of exerting yet another form of control over malate utilization. A description of that regulatory mechanism is the subject of this report.
MATERIALS AND METHODS
Maintenance and growth. The organism used in these and previous studies, a typical strain of S. faecalis recently designated MR, was a gift from M. Rogosa. Procedures for maintenance of the organism and the composition of the complex malate-containing medium used for its cultivation have been described previously (5) . Unless specified otherwise, this medium, containing 0.3% sodium or ammonium L(+)-malate, was used in all growth experiments. Protocol for growth experiments, sampling of cultures and processing of samples were also described earlier (5) . Where heavy cell suspensions were used to inoculate cultures, 250-ml seed cultures were harvested aseptically after 14 hr of growth and were resuspended in 5 ml of basal medium (without substrate). The to determine whether the two events were related.
To dissociate the effect of pH change from inhibition of malic enzyme synthesis, the buffering capacity of the medium was increased by the addition of K21HPO4 3H20 to a final concentration of 2.0% (complex medium B). This concentration of phosphate salts did not alter the growth characteristics of the organism and maintained the pH of the culture at 6.7 at the highest (Table 1 , section B). However, only relatively small increases in the final cell yield were observed at concentrations of glucose greater than 0.2%, indicating that one or more growth-limiting nutrients in the medium had been exhausted. Doubling the concentration of tryptone and yeast extract in the medium (complex medium C) had two effects; the final cell yield of the culture was increased twofold and a substantial amount of malic enzyme was synthesized in the presence of 0.2% glucose (Table 1 , section C). These results suggested that synthesis of malic enzyme and malate utilization occurred after the limiting quantity of glucose had been metabolized.
Kinetics of induction of nialic enzyme during growth on malate and glucose. The preceding experiments suggested that glucose inhibited the formation of malic enzyme. However, by the method of examination employed, the inhibition was not apparent at concentrations below 0.1 %. To estimate the lowest concentration of hexose capable of inhibiting the formation of malic enzyme, the period of induction and rate of malic enzyme synthesis were observed during aerobic growth in complex malate medium supplemented with 0.025, 0.050, 0.075 or 0.1% glucose. The rate of enzyme formation of a control culture grown on malate alone is shown in Replotting the data on a semilogarithmic scale, the transition from glucose to malate-mediated growth became readily apparent (Fig. 2) Cells harvested from a malate control culture were compared with cells grown in malate medium supplemented with 0.2% glucose for permease activity (Fig. 4) To establish that the radioactivity in the cells represented an accumulation of malate, a 10-fold excess of unlabeled malate was added to a cell suspension which had been incubated in the presence of radioactive substrate for 25 min. Within 3 min, 65% of the cell-associated radioactivity was lost to the filtrate supernatant fluid. Although no attempt was made to identify the radioactive substance, the rapidity with which the exchange occurred suggests that the major portion of radioactive material in the cells was indeed malate.
In the absence of glucose, the rate of 14C-malate accumulation decreased markedly 5 to 8 min after initiation of the reaction. The decrease in the rate of uptake was attributed to a competitive interaction between accumulation of malate by the permease and the conversion of intracellular malate to acetate and CO2 (5) (Table 3) . Although a similar loss in dyereducing specific activity was noted, malic enzyme specific activity only decreased by a factor of 2.5. Comparing the total units of the various activities present at the beginning and end of growth, a loss of 34 and 35% was observed for transport and dye-reducing activity, respectively, whereas the total units of malic enzyme increased by 30%. The proportionality between the decrease in dyereducing activity and the loss of permease activity can be explained by assuming that the transport of substrate had become rate limiting. If this is the case, then the dye-reduction assay actually measured the level of permease activity, not the rate of malate metabolism.
In another experiment, a culture growing in malate medium containing 0.1 % glucose was harvested shortly before making the transition from glucose to malate utilization. The activities of the malate entry system and malic enzyme of the partially induced cells were compared with fully induced cells (Table 4) . Whereas the partially induced culture possessed only 6% of the fully induced level of permease activity, nearly 40% of the fully induced malic enzyme level was already present.
Dependence of malic enzyme induction on malate permease. The previous experiments suggested that induction of permease and malic enzyme are not coordinated events; however, under conditions of growth where permease synthesis was blocked, it was apparent that the synthesis of malic enzyme was not proportional to the increase in cell mass (Table 3) . Since the entry system must also transport the inducer of malic enzyme into the cell, the failure to observe a fourfold increase in total malic enzyme units during growth on glucose (Table 3) may have resulted from the organism's inability to accumulate and maintain an adequate intracellular level of malate. If this assumption is correct, the quantity of malic enzyme synthesized will depend upon the amount of permease introduced into the culture as the inoculum and upon the relative increase of cell mass. The following experiments were made to determine the relationship between the size of the inoculum (total permease input) and the rate and extent of synthesis of malic enzyme.
Flasks containing malate medium supplemented with 0.2% glucose were inoculated with a malate-adapted cell suspension adjusted to give an initial OD between 0.08 and 0.8. To minimize the carryover of intracellular pools of inducer, the cells used as inocula were harvested from stationary-phase cultures after exhaustion of malate. The rate of malic enzyme synthesis was estimated with the NAD assay. Examination of the clarified culture fluid showed that glucose was present throughout exponential growth and that it disappeared from the medium only after the culture entered the stationary phase of growth. The dependence of both the rate and extent of malic enzyme synthesis on the size of the inoculum is apparent from the results of four experiments summarized in Fig. 5 . Although the rates of malic enzyme synthesis appear as linear slopes in Fig. 5 , the same values yield hyperbolic curves when plotted on a semilogarithmic scale (Fig. 5, insert) . The kinetics of malic enzyme production were markedly different from those observed during growth on malate (see Fig. IA ). It will be recalled that the rate of malic enzyme synthesis was a logarithmic rather than a linear function of increase in cell mass. The continuously decreasing rate of malic enzyme synthesis observed during growth on glucose (Fig. 5, insert) was probably a direct result of dilution of permease activity. Further examination of the data revealed a linear dose response relation between total malic enzyme synthesized and the size of the inoculum (Fig. 6) .
Malate permease as the rate-limiting step in malate dissimilation. The data presented in Tables  3 and 4 point up a large disparity between the specific activities of the entry system and malic enzyme; the latter was present in a 37-fold excess. The rate-limiting step in the conversion of malate to pyruvate and CO2 appeared to be the transport of substrate into the cell. However, acetate and C02, or acetate, ethyl alcohol, and C02, not pyruvate, are the end products of malate dissimilation (5) . Although the possibility that one of the reactions catalyzing the dissimilation of pyruvate was rate limiting can not be completely excluded from consideration, other evidence The regulation of malate dissimilation is apparently achieved by the combined action of catabolite repression of malate permease and product inhibition of malic enzyme; these two mechanisms provide the organism with a means of coarse and fine control, respectively. Since both types of inhibition are produced by glucose or intermediate products of glycolysis, the two forms of control are probably exercised simultaneously. In contrast, the only negative control for malic enzyme synthesis is apparently exerted indirectly via repression of malate permease, which results in a reduction of the intracellular concentration of inducer of malic enzyme. Although this form of regulation is potentially wasteful, experimental evidence suggests that the organism must maintain a nearly fully induced level of permease to sustain malic enzyme synthesis at the fully induced level. The strict dependence of malic enzyme induction on the level of permease probably aids in conserving energy and preformed biosynthetic material. Moreover, it is doubtful that the wastage resulting from over production of malic enzyme is critical for successful competition or survival of the organism. Since S. faecalis is a relatively fastidious organism requiring a variety of amino acids and vitamins, it will be restricted to environments rich in organic material.
Whittenbury (9) reported that S. faecalis exhibited diauxic growth in media containing glucose and malate. In this context, a distinction must be made between the biphasic growth pat-/ / | l | l k l | |~0 q^^e n tern observed here with dual substrates and true diauxic growth. Classically, the "glucose effect" has been typified by a cessation of growth during the period of transition from utilization of one substrate to another (8) . During this period, the inducible enzyme required for the dissimilation of the second substrate is synthesized, and when sufficient enzyme has been produced growth of the culture resumes. The rapid transition from glucose to malate utilization and the absence of a growth lag suggest that adequate levels of permease and malic enzyme were present in S. faecalis cells on depletion of the exogenous supply of glucose. To accomplish this, the repression of permease synthesis must have been relieved, at least partially, prior to the complete disappearance of glucose from the culture. The low but significant levels of malic enzyme synthesized throughout growth on glucose probably sufficed to initiate growth on malate. Finally, the growth rate on malate following glucose utilization is markedly lower than that observed with the hexose.
The incorporation of permeases into specific regulatory systems is apparently common among bacteria. Kepes and Cohen (2) pointed out that transport systems provide many microorganisms with a means of regulating the synthesis of inducible and repressible enzyme systems. In this connection, the authors cited as examples the roles played by the ,-galactoside permease and maltose permease of Escherichia coli in the induction of Il-galactosidase and amylomaltase respectively. Similarly, induction of an L-a-glycerophosphate dehydrogenase in Aerobacter aerogenes is dependent upon a specific permease to transport the inducer, L-Ce-glycerophosphate, into the cell (1, 4) . A similar relationship appears to exist between malate permease and malic enzyme.
Malate permease and malic enzyme appear to be induced and repressed independently of each other. It is unlikely, therefore, that the genes coding for these two functions are members of an operon under the control of a common operator locus. Until a detailed genetic analysis can be carried out, our provisional conclusion is that the structural genes bearing the information for the transcription of malate permease and malic enzyme function separately as independent entities.
